Recently, attention has been drawn to tissue engineering and other novel techniques aimed at reconstruction of the joint. Regarding articular cartilage tissue engineering, three-dimensional materials created in vitro by cultivation of autologous chondrocytes or mesenchymal stem cells with a collagen gel have been implanted to replace defective parts of the articular cartilage in limited cases with the diseases such as trauma or arthritis. However, several passages of chondrocyte culture are required to obtain a sufficient number of cells for tissue engineering. Additionally, several other problems arise including dedifferentiation of chondrocytes during cell culture, which need to be solved from a viewpoint of cellular resources. The purpose of our study is to create a novel biomaterial possessing functions and structures comparable to native hyaline articular cartilage by utilizing the physicochemical properties of the cartilage matrix components themselves, in other words, employing a self-assembly technique instead of using chondrocytes to produce cartilage matrices eventually leading to articular cartilage tissue formation. We verified the conditions and accuracy of the selforganization process and analyzed the resulting micro structure using electron beam microscopy in order to study the technique involved in the self-organization which would be applicable to creation of cartilage-like tissue. We demonstrated that self-assembly of several cartilage components including type II collagen, proteoglycan and hyaluronic acid could construct self-assembled cartilage-like tissues characterized by nano composite structures comparable to human articular cartilage and by low friction coefficients as small as those of native cartilage.
Introduction
The joint destruction and symptom become aggravated with advance of disease as well as aging [1, 2] . In the arthritis such as osteoarthritis (OA), tissue damage progresses with time after the onset and cartilage has less capacity for self repair, so that it is necessary to establish preventive measures as well as early treatment strategies against the degeneration of articular cartilage [3] [4] [5] . However, effective therapy for the cartilage degeneration still remains developing. It is therefore a matter of urgency to find new therapeutic agents and strategies that are clinically effective in treating age-associated musculoskeletal diseases in order to preserve high levels of activity of daily living in elderly people.
For the treatment of advanced joint destruction and degeneration, reconstruction of joints using new techniques such as tissue engineering are now attracting attention. Bone matrix-mimetic compounds that are primarily composed of hydroxyapatite have already been so well devised that they have sufficiently high affinity to the bone and enough rigidity similar to bone to be usable for the treatment of bone defects or bone destruction [6, 7] . Clinical application of bone in cases that suffer from large bone defects has already been realized and has been reported to yield good therapeutic results [7] . Since bone itself has superb ability of remodeling, grafted bone is claimed to be replaced by the host bone tissue through self-organization over a period of several weeks to months.
In contrast, materials suitable for cartilage repair remain to be created which have perfectly cartilage-specific tissue qualities represented by properties of elastic deformation and elastohydrodynamic lubrication. In recent studies, chondrocytes have been cultured in vitro in collagen or agarose gel to fabricate a three-dimensional material that can be implanted into a limited number of cases where subjects have a small posttraumatic cartilage defect of less than 3 cm 3 in volume [8, 9] . Some researchers are trying to obtain cell resources for cartilage tissue engineering by induction of differentiated chondrocytes from mesenchymal stem cells derived from the bone marrow [10] .
Whether chondrocytes from patients' articular cartilage or inducing those cells from stem cells, it is essential for the formation of cartilage-like tissue that chondrocytes themselves should produce cartilage matrix. However, using current techniques, 2 -5 × 10 6 chondrocytes are supposed to be required to fill a 1 cm 3 cartilage deficit with cartilage-like tissue [8] [9] [10] . This requires continuous cell culture over several passages to obtain enough cell resources (number of cartilage cells). Many problems therefore remain to be solved from the viewpoint of cellular resources, since cultured cells may lose properties specific to the chondrocyte and may dedifferentiate during passages in culture. Moreover, it takes several weeks to engineer three-dimensional cultured tissue in a gel form using collagen gel. It then takes several months for this articular cartilage-like tissue to survive and become organized even when grafted in the defect site, since articular cartilage has a low capacity for repair [8] . Further studies are needed to verify whether the cartilage-like tissue manufactured by the existing techniques exhibit all the functions of cartilage such as low friction and load tolerance.
For the purpose of creating high performance articular cartilage-like tissue applicable to clinical use and overcoming the above weaknesses in cartilage repair, we focused on a novel biomaterial formed by self-assembly. Recently, new materials and devices have been developed through self-assembling various molecules at the nanometer scale by manipulating the intermolecular relations [11, 12] . Molecules move randomly (Brownian motion) according to thermal motion and they may form a self-organized structure based on certain rules depending on the conditions of physicochemical properties such as inter-molecular avidity, surface modification, directions of covalent bonds, and ion arrangements. We considered it possible to create a novel biomaterial having functions as well as microstructures comparable to hyaline articular cartilage. We aimed to take advantage of the self-assembly technique in auto-organizing cartilage matrix components including collagen, proteoglycan and hyaluronic acid.
The purpose of this study is to develop a technique for creation of cartilage-like tissue not by cultivating chondrocytes to produce cartilage tissue via cartilage matrices, but by utilizing the physicochemical properties of the cartilage matrix components themselves, that is by selfassembly, without using cells.
Materials and Methods

Self-Organized Cartilage-Like Material
Formed from Hyaluronic Acid (HA), Proteoglycan (Aggrecan: AG), and Type II Collagen
Solutions generated by mixing AG (Sigma-Aldrich, Inc., St. Louis, MO) at final concentrations of 0.1, 0.25, 0.33, 0.5 or 1.0 mg/ml and HA (Chugai Pharmaseutical , Inc., Tokyo, Japan) at final concentrations of 1%, 2%, 3%, 4% or 5% were prepared with distilled-deionized water (DDW) at room temperature. Type II collagen (Collagen Research Center, Inc., Tokyo, Japan) was dissolved in DDW at final concentrations of 0.1, 0.25, 0.33 or 0.5 mg/ml at room temperature. The pHs of the AG + HA solutions and the collagen solutions were adjusted to values from 4.0 to 11.0 in increments of 0.5. Then, equal volumes of the AG + HA and the collagen solutions were mixed at various combinations of pH and concentration and were incubated at 37˚C in a humidified 95% air and 5% CO 2 atmosphere. After a variety of incubation periods followed by 30 min centrifugation at 20,000 rpm, aggregates formed in each mixture were subsequently scooped onto slide and observed using a digital high fidelity microscope VH-8000 (Keyence, Osaka, Japan). Also, aggregates were subjected to preparation as specimens for transmission electron microscopy.
Formation of the Chondrocyte Conjugated Self-Organized Complex
To exclude the influence of various factors in the serum that is usually added to culture medium on formation and maintenance of the complexes and on cell culture in them, nutridoma was added to serum-free medium (DMEM, Dako, Glostrup, Denmark) at a final concentration of 10% nutridoma (Roche Diagnostics K.K., Tokyo, Japan) for cultivation of rat chondrocytes. The self-organized AG/HA/collagen complex was washed three times with 10% nutridoma-DMEM, and then the complex was replaced with the same DMEM solution. Rat chondrocytes (Cellgarage, co. Ltd., Tokyo, Japan) were suspended in the above medium with the self-organized complex at a cell density of 5 × 10 4 /ml, followed by slight shaking and 3 minute centrifugation at 20,000 rpm. After centrifugation, the supernatant was removed, and the same DMEM solution was added. Then, the complex was incubated in new culture medium at 37˚C in a humidified 95% air and 5% CO 2 atmosphere. Time course observation was carried out on the complex during incubation under a phase contrast microscope. After 6-week of incubation, some of the complexs were fixed for 2 days in 4% paraformaldehyde solution. Tissues were dehydrated in a series of ethanol solutions and
infiltrated with xylene before being embedded in paraffin and cut into 6-μm sections. Sections were deparaffinized through sequential immersion in xylene and a graded series of ethanol solutions in accordance with conventional procedures. The sections were stained with Safranin O-fast green or hematoxylin-eosin.
Other self-assembled complexes conjugated with chondrocytes were incubated at 37˚C under 5% CO 2 for 24 weeks. The complexes were then subjected to specimen preparation for transmission electron and scanning electron microscopic study.
Transplantation of the Self-Organized Complex into the Knee Joints of Experimental Animals
The self-organized complex was prepared by the method described above. Eight 12-week-old male SD rats (Japan Charles-liver, Tokyo, Japan) were anesthetized and the right knee joints were aseptically dissected on both sides. Knee joint was shaved and disinfected with iodine solution (Isogene®, Nippon Gene, Toyama, Japan). A medial parapatellar incision was made on the skin and a medial arthrotomy was performed. We prepared two sites of articular cartilage defects in each knee joint by punching the surface of the medial and lateral condyle with an 18-gauge injection needle. The self-organized complex was then transplanted into those pits. The joint was washed with sterile saline and the joint capsule was closed. The contralateral side was also subjected to same surgical manipulation as a control. After 24 weeks, we euthanized the animals to obtain the knee joints. Bone and cartilage tissue blocks were prepared for histological analysis. The paraffin-embedded tissue sections were stained with hematoxylin-eosin and Safranin-O. All experiments were conducted with the approval of the University Animal Care and Use Committee.
Results and Discussion
A Self-Organized Cartilage-Like Complex Formed from HA, Proteoglycan (AG), and Type II Collagen
We observed the aggregates in the AG + HA solutions at pHs ranging from 6 to 9 which were mixtures of AG at 0.25 to 0.5 mg/ml and 1% to 5% (v/v) HA. The aggregates were most clearly observed when the pH was in the range of 8 to 9 and when the concentration of AG was 0.33 mg/ml and HA was mixed in at 3% (Figure 1(a) ). The analysis with transmission electron microscopy revealed a fibrous structure and an aggregate structure where about 200 AG molecules were bound to an HA molecule (Figure 1(b) ). Immediately after mixing the AG + HA solution with the collagen solution, collagen molecules started to gather around an AG + HA aggregate, followed by formation of collagen fibers bound inter-molecularly. The elongation and thickening of the fibrous collagen were observed over the time course of several minutes to several hours (2 ~ 3 hours) (Figure 1(c) ). The original collagen gel was merely a gel form of collagen branches having no solid tissue structure. In contrast to the collagen gel, the self-organized collagen polysaccharide complex has a nano-composite structure in which the fibrous collagen formed is bound to AG linking to HA, resembling cartilage tissue (Figure 1(d)) .
We observed that the HA-AG/type II collagen selforganized complex consisted of 10 ~ 500 μm long (2 ~ 50 nm diameter) fibrous collagen at pH of 6 to 10. Formation of this complex was most remarkable when the type II collagen molecule solution (0.25 ~ 0.5 mg/ml) was mixed in equal quantities with the AG (0.33 mg/ml) + HA (3%) solution. We confirmed by transmission electron microscopy that collagen molecules were regularly bound to form long fibers in the self-organized biomaterial (Figure 1(e) ).
In previous studies on cartilage tissue engineering, numerous reports have indicated that differentiation, activation and proliferation of mature chondrocytes are, first of all, needed to induce the production of cartilage matrix components from the cells, resulting in tissue formation by self-assembly of matrix components. However, these procedures involve a long lead time before formation of articular cartilage tissue. Usually, it takes several weeks even to form a gel-like cartilage tissue. In contrast, using our self assembly technology the process is complete in just several hours. Our results indicate that the self-organized complex prepared in this short time might be a useful biomaterial for cartilage tissue engineering and for the treatment of articular cartilage defects.
Observation of the Self-Organized Complex into Which Chondrocytes Were Transplanted
The self-organized complex remained dense and that the chondrocytes were homogeneously present on the scaffold of fibers forming the complex. The chondrocytes were alive in the tissue on the basis of their extended dendrites on the surface of the complex. The self-organized complex at a high density and chondrocytes residing on or within the complex was observed in the scanning electron microscopic images. The chondrocytes were found to survive on the complex with dendrites extended (Figure 2(a) ). The analysis by transmission electron microscopy revealed the intracellular tissue of inoculated chondrocytes within the inside the complex, suggesting survival of the chondrocytes in the tissue (Figure 2(b) ). In cartilage tissue engineering, an environment suitable for the long-term survival of chondrocytes is needed. In the present study, we demonstrated that our self-organized cartilage-like complex was able to perform functions of maintaining fluid components such as the most suitable culture medium for cell culture, which was characteristic of its three-dimensional net structure. The complex also provided a three-dimensional environment which served as a scaffold for chondrocyte growth.
Transplantation of the Self-Assembled Cartilage Like Tissue into the Knee Joints of Experimental Animals
We transplanted the self-assembled cartilage-like tissue into the rat OA model, partially defecting the articular cartilage tissue of the joint, and examined histologically the transplanted tissue over time (4 and 6 weeks after transplantation). The self-organized complex was found even at 6 months to maintain the same tissue structure as was initially observed. In cartilage tissue engineering, an environment suitable for the long-term survival of chondrocytes is needed (Figure 3) . There is much demand now for the establishment of a therapeutic system aimed at treating moderate to advanced disorders of joints, especially for cartilage repair in cases of bone and joint diseases such as OA for which no effective treatments are available at present other than arthroplasty (1-3). In the current study, we succeeded in manufacturing a material most suitable for cartilage tissue engineering by managing the self-organization mechanism on the nanometer scale. The biomaterial conjugated with chondrocytes was comparable to autologous cartilage in microstructure and consisted of hyaluronic acid, aggrecan and type II collagen.
Conclusion
Our self-organized cartilage-like tissue has a nano-com- posite structure and is composed of components equivalent to native articular cartilage. It can, moreover, be manufactured in a short time of only a few hours. Our final goal is to develop a biomaterial most suitable for cartilage production. We emphasize the originality of this study, in which we do not need cellular resources like chondrocytes but only cartilage matrix components in order to produce cartilage-like tissue by the self-organization process.
